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& D l 3 " S I O N  IN "3 LIQUID-VAPOR C R I T I C A L  REGION 

ABSTRACT 2 9734 
The equation of isothermal cohvective molecular diffusion i n  a 

binary gaseous mixture i s  invkstigated i n  the liquid-vapor 

c r i t i c a l  region. 

motion of the  mixture .  

t i o n  of a binary l iquid system, isothermal diffusion i s  i n s t i -  

gated by the chemical potential gradient of one of the com- 

This phenomknon i s  accompanied by convective 
I 

A s  infithe c r i t i c a l  layerwise separa- 

ponents. The investigated equation can be reduced t o  the  

ordinary Fick diffusion equat%on. Toward t h i s  end, it i s  

necessary also t o  define a f&ction t o  be interpreted as  the  

diffusion coefficient i n  the c r i t i c a l  region. The diffusion 

m i x t u r e  first came under c r i t i c a l  scrutiny i n  reference 1. 

of appreciable pract ical  and theoret ical  interest .  

This i s  a phenomenon 

It i s  evident i n  the experimental curve of the  "molar volume of the  homo- 

geneous solution (v) versus the  molar f rac t ion  of one component (N )" t h a t  the 

v i c i n i t y  of the  c r i t i c a l  point i s  where s ignif icant  changes i n  volume 

There i s  l i t t l e  doubt, then, t h a t  an intensive var ia t ion i n  molar vol 

varying composition mus t  give r i s e  t o  convection motion of the mixture :$s  a 

2 

whole. 

*Numbers i n  the margin indicate pagination i n  the  or ig ina l  foreign text. 
. &  
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For a l iquid system, the  assumptions are  valid t h a t  the p a r t i a l  molar T 

volumes and 'G i n  the  region of c r i t i ca l  concentration depend only very 1 2 
- 

s l igh t ly  on the composition of the solution, and t h a t  N (v - v,)/v<<l, the  
2 2  

:condition stipulated i n  reference 2 i n  connection with the diffusion of a c r i t i i  
I . 3  
c a l  l iqu id  phase i n  the  layer  separation region. In the  case of a gaseous mix- '  ' 

/ I i' I I 
I 

j 1 1  

, 

- 

tture, on the  other hand, such assumptions plainly do not exist. 
I 

A t t e m p t s  t o  apply the  ordinary diffusion equation of Fick t o  the  interpre- * 

t a t i o n  of the experimental data necessitate the supposition t h a t  the diffusion 

coefficient can take on posit ive a s  w e l l  as negative values, which, taken by 

i tself ,  appears paradoxical. 

c r i t i c a l  region of separation i s  patent, (ref . 3). 

of a binary system i n  the  c r i t i c a l  liquid-vapor region, since the  thermodynamic 

The inappl icabi l i ty  of the Fick equation i n  the  

The same mus t  a lso be t rue  - 

7 I., 

c r i t e r ion  of the  l a t t e r  i s  the  same as f o r  the  region of separation (ref. 4) , c. - -  
~ _L - n 

- -  - - -- - -  -. ~ 
--A_- -- . - _ -  _ _ _  

The equation of isothermal convective mlecular  diffusion, taking in to  

."' account the  compressibility of the mixture, i s  writ ten i n  the  form -, 
' J 

where c a N/v 

:bo = const. 
I 

Equation 

dc - - + div (cu) = -- 3 div (c grad p), 
1 RT 

( to  s i m p l i f y  the writing, the  component 

(1) d i f f e r s  from the diffusion equation 

!by the presence of 

' ( ref .  i 5 ) .  
I 

The following 
I 

I 

! The f a c t  t h a t  

L e z  f rac t ion  

subscript i s  dropped), 

for a binary liqrsiid system 
1 ,  

the  term div (ct;) , which accounts f o r  convective dif iusion ' ? !  . (  

I _  - 

conditions must  be sa t i s f i ed  a t  the c r i t i c a l  point: 
-- 

- 0. dP 3 P  -=o; -- 
dN a" 

the  derivative of the chemical potent ia l  with respect t o  

goes to zero a l s a  intlicates- the cessation of diffusion a t  t h 9  
- _  

. - -A 
-1 r- 

i- - 2  _ _ _ _ -  
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' c r i t i c a l  point. The c r i te r ion  (2) i m p l i e s  t h a t  t ~ -. - _ 1 _ " ^ " "  

first- and second-order terms 

do not appear in the  ser ies  expansion of the chemical potential  with respect t o  

N - Nk. Retaining the first two terms of the expansion, we can write 

'p - const + p (N- NJ? 
' !  

With the expansion (31, equation (I) is conveniently rewrit ten i n  terms of/ ' 
1 ' 1  

the  m o l a r  f rac t ion  N. 

throughout the  en t i re  system may be considered constant, i.e., dP/dt = 3. 

since P = P(N, v), an expression can be found f o r  the  veloci ty  of the  mixture 

u = (av/at) 

u n i t  cross section):  

We w i l l  then proceed from the f a c t  t h a t  the  pressure 

And 

( t reat ing the one-dimensional case of motion along a capi l lary of N 

I , I. 

2 - 'The analysis corr-esponds t o  diVia0n-Z €he convective aiff'iusion process in-Eo- 

two stages; we assume t h a t  a t  first in  the elementary volume the  molar composi- 

t i o n  changes, then a t  constant composition the  volume changes u n t i l  p r e s s u r e  

7 -  

equilibrium i s  established. 

The l imiting solution (M-N ) of the isothermal diffusion equation i n  the 
k 

absence of convection has the  following form i n  the  one-dimensional case 

(ref. 2): 
I 
I 

I I 1 N = N, esp { (m/4 x + ba )/(2 (- b1t + A, b,, b,-const. 1 

L:i: 
Y 1 1; 4 

L + ~ ~  The d i f fe ren t  values of x correspond t o  d i f fe ren t  values of the  m o l a r  volume. 
I -. 

T L '  We say, therefore, t h a t  a f ixed value of v corresponds t o  a fixed v a l u e  of x. 

From the  solution ( 5 )  we obtain an expression f o r  ( a N / a t )  
, I  v' 
5; laapzbl-ent t h a t  for N = I? we w i l l  have u l =  -04 Le. ,  when diffusion ceases a t  

- 

from which f t  i s  

k 
~ e- 

" - - -  L . 3  --.I_ - -1 i tL-- -- - 
I -,  * - 1  \:1,c 
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7-- - 
' c r i t i c a l  point, the  mixture will cease t o  move (we note t h a t  (aP/av) 

Within a small in te rva l  of the  molar f ract ion about i t s  c r i t i c a l  value, we can 

# 0 ) .  
*k 

' make use  of the expansion 
I-* 

I 
P P- P*+P,(N--N,) ,  
P 

l o  /whereupon it i s  val id  t o  assume t h a t  the r a t i o  
l !  1 
1 2 :  
I ?  

i s  constant. 

Making u s e  of the  transformation 

expression f o r  t he  veloci ty  of the mixture: 

= In (N/Nk), we  obtain an approximate 

__" ._ 2' 
7 I Let-  u s "  subsF&Ztu€e--the expans ionm anZ-equation-(8) in to  (1)". we replac------ 
13 

N 
- V 

* 

-? the  terms - av/aN by t h e i r  mean values. This i s  equivalent t o  l inear iz ing the - -  

s dependence of the volume on the mlar f rac t ion  i n  the  v i c in i ty  of the c r i t i c a l  

point, which i s  not inconsistent wi th  the  experimental data i n  the given approx- 

imation. 

an approximate equation f o r  the isothermal convective diffusion i n  the  c r i t i c a l  

Neglecting terms containing second and higher powers of 6 ,  we obtain 

s 

:y :region. 

41 I 

I n  the one-dimensional case, it has the form 
- \, 
42 1 



~ ".. - -  
I ' Equation (9) permits  separation of the variables 6 = y(x)Q(t)  . In the  I 

y-par t  of the equation we perform the substi tution dy/dx = k,/z(y); 

I kl = d q .  With 

I 

Y , 
'0 j 

1 1  1 For t h e  given 
128  
- 1  
' J  , the f i n a l  solution 

The diffusion 

L' , 

tiori 

i 
_. , 

.. - 

respect t o  z ,  we obtain the  equation 

1 u 

problem, we are i n t e p s t e d  i n  the  case when 1 z I >> 1. 

of equation (9) redukes t o  q u e a t u r e s .  

equation (9) can be transformed t o  the  ordinary Fick equa- 

Then 1 F 
i '  

I -  

dc d (cu) -+-=- 
dt d X  dx 

but, i n  so doing, it i s  necessary t o  detemine the function D(N) t h a t  we w i l l  
" _. 
- I  in te rpre t  as the  diffusion coefficient i n  the  c r i t i c a l  region (an analogous ; .- 
ic? I. ' 

"i 
~ 

- - --- -- -I--- _ _ ^ _  __ - = -- . __ 
diffusion coefficient w a s  defined fo r  a l iquid system i n  the c r i t i c a l  separa- 

' \  t i o n  region). 

* I  

In D, we obtain the equation 

where 

Lr I 

i ,  7 
-1 

I r  

-A y 

L'i ~ It follows from estimates based on the data of reference 1 t h a t  L does not- 

and i t s  absolute value i s  much smaller than u n i t y  (whic 
-____l -. -__I - 1 

5c 
51 have any s ingular i t ies  
52 I -_i-__.-_ ._ 
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+ t -  - 
j means t h a t  the  exponential factor  i n  the integrands, exp ( J $ d x )  can be replaced 

by a l ineas  expression). 
!_ 

Since the  sought-after function N ( x ,  t) has the  form 
h 

1 

1 1  1 
t 2 ifor the  function D we obtain the expreskion 
7 -  
f >  

It i s  apparent from the  solution (14) t h a t  fo r  N = N the  diffusion coef- 
k 

! f i c i en t  goes t o  zero (as t -a B 1, B2, B3-+ 0 ) .  I n  the  v i c in i ty  of t he  - 

c r i t i c a l  point, i.e., as N-N we can write k' 

' \1 

Hence it i s  c lear  t h a t  the diffusion coefficient can take on e i the r  posit ive o r  

negative values. 

of a l iquid system ( in  the absence of convective motion of the mixture), the 

diffusion coefficient assumes only positive values and at  the  c r i t i c a l  point 

i t s e l f  has a minimum equal t o  zero (ref. 2). 

-+ iJ NOTA!TION 

4 2  i 
"-i? ' c 

LL- ' a  given component of the mixture, 7 the p a r t i a l  molar volume of the  component, ~. 
L: t 

I n  the v ic in i ty  of the c r i t i c a l  point f o r  layer sepaxation I 

f 41 j 
v i s  the  mlar volume of the  homgeneous solution, N t he  mlar fra 

' , c  the  volume concentration, p t h e  chemical potent ia l  of the  component, 

temperature, R the gas constant, u the veloci ty  of the mixture, P the  pyessure, 

,D the  diffusion coefficient. The subscript "k" r e fe r s  t o  the  c r i t i c a l  

ii: tbls~erhead bar denotes averaging. .--" - - 

t_l__ 

I - .- 
6-  - J i _ .  k _--1 "x-ll_ 
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